A new method for realizing spectral phase optical code-division multiple-access (OCDMA) coding based on step chirped fiber Bragg gratings (SCFBGs) is proposed and the corresponding encoder/decoder is presented. With this method, a mapping code is introduced for the m-sequence address code and the phase shift can be inserted into the subgratings of the SCFBG according to the mapping code. The transfer matrix method together with Fourier transform is used to investigate the characteristics of the encoder/decoder. The factors that influence the correlation property of the encoder/decoder, including index modulation and bandwidth of the subgrating, are identified. The system structure is simple and good correlation output can be obtained. The performance of the OCDMA system based on SCFBGs has been analyzed.
INTRODUCTION
Optical code division multiple access (OCDMA) is a spread-spectrum technique that permits a large number of users to share the same bandwidth simultaneously but to be addressable individually through the allocation of specific address codes. With this technique, the encoded optical pulses are usually transmitted through a star network and received by the receiver designed to recognize the data bits with a specific address code. Such an address code recognition is usually achieved by matched filtering. In recent years, OCDMA as a multiplexing technique having great potential in high-speed local area networks has attracted much research interest because of its advantages such as flexible bandwidth usage, potentially good cross-talk performance, asynchronous access, and dynamic sharing of the channel resources.
The encoder/decoder is one of the key components in an OCDMA system that can be used either in the time domain or in the frequency domain. In the time domain, each data bit to be transmitted is represented by a code that consists of a series of pulses. The pulses contained in the coded bit are referred to as chips. While in the frequency domain, the total spectral band is divided into many small segments and the code information is contained in these segments.
For the optical fiber delay lines 1,2 that perform coding in the time domain or the fiber Bragg grating (FBG)-based encoder/decoder that operates either in the time domain 3 or in the frequency domain, 4,5 unipolar codes that exhibit poor correlation property and support only a small number of simultaneous users are widely used. For a traditional free-space grating-pair (FSGP) encoder/decoder 6, 7 that operates in the frequency domain, bipolar codes can be employed through a phase-coding scheme. The use of phase coding is of great interest to OCDMA, since the bipolar codes adopted in the phasecoding scheme exhibit good correlation property, low interchannel interference, and support a relatively large number of simultaneous users for a given code length. However, a FSGP encoder/decoder suffers the drawback of poor coupling efficiency in optical fibers.
The OCDMA encoder/decoder based on fiber gratings possesses the advantages of easy device fabrication and compatibility with optical fiber communication systems. In recent years, the rapid development of FBG fabrication technology has reached a stage at which the optical phase of the light reflected from an individual grating can be accurately controlled, which allows the optical phase to be used as a coding parameter 8, 9 and thus opens the way to use FBGs to perform effective encoding/decoding functions in an OCDMA system. has the advantage of high-coupling efficiency in optical fibers. Additional theoretical analysis is still needed to improve the performance of this kind of OCDMA encoder/ decoder. The coding scheme based on a SCFBG must be designed differently from that based on a FSGP in which the phase shift on each pixel on the spatial mask is independent from each other. However, in the encoder/ decoder based on a SCFBG, the phase shift of one of the subgratings influences not only the phase of the reflection coefficients of its own subgrating but also all the subgratings connected subsequently, i.e., the phase shift on any subgrating is not independent of each other.
Here we propose a new method for realizing spectral phase coding based on SCFBGs and present the corresponding structure of an encoder/decoder. In this method, a mapping code is introduced to the address code and the corresponding phase shift is inserted into subgratings of a SGFBG according to the mapping code. The transfer matrix method together with the Fourier transform is used to investigate the transmission characteristics of the encoder/decoder. The factors that influence the correlation property of the system are identified. Fig.  1(a) . The encoder consists of a pair of SCFBGs in a series arrangement. When an input bit (ultrashort pulse) is incident on the first SCFBG, G1, the wavelength components are dispersed and the reflected pulse is temporally expanded. When this expanded bit is reflected by the second SCFBG, G2, which exhibits opposite dispersion slope to G1, the wavelength components are resynchronized and the original pulse is reconstructed. However, in G2, if the phase shifts are incorporated into the subgratings according to their corresponding address code, the output pulse then represents a spectral phaseencoded bit. The encoded data bit subsequently transmits through the network before it reaches the receiver. The decoder consists of a pair of SCFBGs, G3 and G4, which are essentially the same as G1 and G2, but connected to the circulator in reverse order. The phase shifts are incorporated into the subgratings of G4 according to the same address code as that of the encoder but in reverse order when compared with that of G2. After the encoded data bit passed through the matched decoder, spectral phase shifts are compensated and the original coherent ultrashort pulse is reconstructed. On the other hand, if the decoder does not match the encoder, the spectral phase shifts are rearranged but not necessarily compensated, and the pulse at the output of the decoder is still a low intensity pseudonoise burst, which is known as multiple access interference. The threshold device is used to detect the data that corresponds to relatively high intensity and properly decoded pulses and to reject relatively low intensity and improperly decoded pseudonoise bursts.
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OPERATING PRINCIPLE OF ENCODING/ DECODING BASED ON STEP CHIRPED FIBER BRAGG GRATINGS
A. Transmission Characteristics of Step Chirped Fiber Bragg Gratings with or without Phase Shift
For the SCFBG used in an encoder/decoder, the reflection spectral bandwidth for each subgrating should be the same. Considering the weak coupling condition ⌬z Ӷ 2 , the bandwidth between the spectral peak and the first zero position in the reflection spectrum of a uniform subgrating is given by Eq. (1):
where ϭ (⌬n/n eff ) is the coupling index, ⌬n is the index modulation, is the wavelength in vacuum, n eff is the effective mode index of a FBG, and ⌬z is the length of the subgrating. The transfer matrix method is used to investigate the transmission characteristics of an encoder/decoder based on SCFBGs. For a SCFBG, its transfer matrix can be written as
where z 0 ϭ 0, z N ϭ L, and T n (z nϪ1 , z n ) represents the transfer matrix of a subgrating: where p n * and q n * are the complex conjugates of p n and q n , respectively, ␦␤ n ϭ 2(
) is the detuning from the Bragg wavelength of the nth subgrating n ,
, and ⌽ n is the transfer matrix that corresponds to the phase shift of n /2 inserted between the (n Ϫ 1)th and nth step subgrating:
ͬ . (6) The reflection coefficient is 13 r ϭ Ϫ͑T 21 /T 22 ͒.
When ⌬n is small and there is only a slight overlap between the central peaks of the adjacent reflection spectrum, for spectral band n Ϯ ⌬ (corresponding to the Bragg wavelength of the nth subgrating), ␦␤ n is small and even becomes zero when the phase of the forward wave and the phase of the backward wave match.
Whereas ␦␤ m (m ͕1, N͖, m n) of the other subgrating is large. When ⌬n is small and
Ϸ i␦␤ m , and we have q m Ϸ 0. Thus according to Eqs. (2)- (5), the reflection characteristics within spectral band n Ϯ ⌬ can be approximately expressed by the reflection coefficient of the nth subgrating:
When there are phase shifts between the subgratings,
where l /2 is the phase shift between the (l Ϫ 1)th and lth subgrating. Comparing approximation (8) with approximation (9), the phase shifts between subgratings produce a term of additional phase shift ͚ lϭ1 n l only, which is the two times sum of phase shifts inserted between subgratings before the nth subgrating, for reflection coefficient r n . The total reflection coefficient is the sum of the reflection coefficients of all the subgratings:
B. Realization of Phase Coding in a Step Chirped Fiber Bragg Grating
The m sequence is used as the address code in our system. Assigning an address code to the kth and vth user, respec- 
which results in kv (0) ϭ 1 for l ϭ 0 and kv (l) ϭ 1/N for l ϭ 1 to N. By assigning N cycle shifts to N subscribers, one can obtain an OCDMA network that supports up to N simultaneous users. In Eq.
and exp(i͚ lϭ1 n l k ) ϭ c n k , the SCFBG with incorporated phase shifts represents an OCDMA encoder/decoder. To satisfy the condition exp(i͚ lϭ1 n l k ) ϭ c n k , an address code mapping needs to be established: no change for the first code element; for the others, each must be compared with the previous code element. If they are the same, the mapping code element is 1, otherwise Ϫ1. Thus a mapping code is established. For example, the mapping code of the m-sequence address code with a length of 7, (Ϫ1, Ϫ1, Ϫ1, 1, 1, Ϫ1, 1), is (Ϫ1, 1, 1, Ϫ1, 1, Ϫ1, Ϫ1) . The sequence elements l k / 2 ͕/ 2, 0͖, l ͕1, N͖, corresponding to ͕Ϫ1, 1͖ of the mapping code element, is added in front of the corresponding subgrating. Thus, for G2 in Fig. 1 , from 7 Ϯ ⌬ to 1 Ϯ ⌬, the additional phase shifts of the reflection coefficient for the subgratings in G2
sponding to the address code (Ϫ1, Ϫ1, Ϫ1, 1, 1, Ϫ1, 1). An ideal spectral OCDMA encoding/decoding scheme based on SCFBGs should satisfy the condition that the spectral band of each subgrating has a flat top and there is neither overlap nor gap between adjacent spectral bands. Thus according to approximations (8) and (9), the reflection coefficients of the spectral band n Ϯ ⌬ for G1 and G2, respectively, can simply be written as
If the power spectrum of the input pulse is a constant over the entire spectral bandwidth, with an inverse Fourier transform, the time domain expression of the field amplitude for the optical pulse that passes through G1 and G2 in the encoder can be written, respectively, as
where P 0 is the total power of the input pulse, f n ϭ c/ n , ⌬f ϭ c⌬/ 0 2 ( 0 is the central wavelength of the SCFBG), and t nϪ1 ϭ (n eff z nϪ1 )/c is the time delay associated with each spectral band, which represents the dispersion property of the chirped fiber grating. After the signal pulse passes through G2, which exhibits an op- B posite dispersion slope to G1, the dispersion obtained from G1 can be compensated by G2. In other words, the same time delay 2t NϪ1 can be obtained for all the spectral segments. Thus if no phase shift exists between any pair of subgratings of G2, the pulse will be reconstructed; otherwise, the pulse represents a spectral phase-encoded bit.
Since the phase shifts are incorporated into subgratings of the SCFBG in the encoder according to the mapping code, and as we have in Subsection 3.B, the bigger additional phase shift will be obtained for the reflection efficiency of the latter subgrating before which the pulse experiences more subgratings. To compensate the additional phase shift in the reflection coefficient, the step dispersion order of G4 in the decoder is set to be opposite that of G2 in the encoder. Hence, the code elements in the decoder are also set to be in reverse order with those in the encoder as shown in Fig. 1(b) . Thus from 1 Ϯ ⌬ to 7 Ϯ ⌬, the additional phase shifts of the reflection coefficient for subgratings in G4 are ͕ n k ͖ ϭ ͕͚ lϭ1 n l k ͖ ϭ ͕0, , 2, 2, 3,3,3͖. If the decoder does not match the encoder, no compensation can be provided, and a cross-correlation output will appear. The electric field representation of the kth decoder output can be written as
where C kk (t) is the autocorrelation term, ͚ k v C vk (t Ϫ t vk Ј ) is the cross-correlation term that is a multiple access interference term, and t vk denotes the random time delay between the arrival of the kth and the vth encoded signals at decoder k. If t kk Ј ϭ 0 is assumed, then perfect synchronization can be maintained between the desired transmitter and the receiver pair. It should be noted that, if the first code element of the mapping code is Ϫ1, no phase shift is required to be added to the first subgrating; and the whole reflection spectral band will undergo an additional phase shift of Ϫ, which actually has no effect on the final correlation output.
C. Correlation Property of the Encoder/Decoder Based on Step Chirped Fiber Bragg Gratings
A numerical simulation method is used to investigate the feasibility and performance of the proposed system. The correlation property of encoder/decoder based on SCFBGs is simulated by use of the transfer matrix method 10 and a Fourier transform. A series of Gaussian-shaped pulse trains of 0.1-ps pulse width is introduced to the encoder. The configuration of encoder/decoder is shown in Fig. 1 , where an m-sequence address code with a code length of 7 is demonstrated for simplicity. Actually the m sequence with a code length of 15 is used as the address code, thus SCFBG consists of 15 subgratings, each of 2.7-mm length, and a bandwidth of approximately 0.3 nm. Bragg wavelengths of subgratings are increased in steps of 0.3 nm from 1540.3 to 1545.0 nm. The effective mode index n eff ϭ 1.456 and ⌬n ϭ 2.5 ϫ 10 Ϫ4 are used in the simulations. Figure 2 shows the reflection spectrum of G1, from which the reflection spectrum of an individual subgrating cannot be observed because of the overlap between neighboring spectral bands. In contrast, the sidelobe structure of the reflection spectrum of an individual subgrating has only a slight influence on the total reflection spectrum. Figure 3 displays the dispersion of the pulse at the output of G1 in the encoder. It can be seen from this figure that there are 15 peaks that correspond to the time delay of 15 subgratings. The value of the step time delay is given approximately by t nϪ1 ϭ (n eff z nϪ1 )/c in approximation (14) , which is a simplified expression of the transmission characteristics of the encoder/decoder. It should also be noted that the intensity of the first subpulse is much higher than that of the others, as the intensity of each subpulse except the first is reduced because of the reflection spectrum overlap between adjacent subgratings. In addition, subgrating sidelobes cause the dispersed subpulse distortion. When ⌬n is increased, the side-mode structure increases rapidly, resulting in greater distortion.
The correlation output curve of the decoder obtained with the m sequence as the address code with a code length of 15 is demonstrated in Fig. 4 . When the decoder matches the encoder, there is an autocorrelation output as shown in Fig. 4(a) ; otherwise, cross-correlation output appears as shown in Fig. 4(b) , where the address code (1, 1, Ϫ1, 1, 1, Ϫ1, Ϫ1, 1, Ϫ1, 1, Ϫ1, Ϫ1, Ϫ1, Ϫ1, 1) is added to G4.
A number of factors such as index modulation ⌬n and the bandwidth of the subgrating can influence the correlation property of an encoder/decoder based on a SCFBG. To satisfy Eq. (8) and approximation (9), a small ⌬n is required for an encoder/decoder based on SCFBGs. Figure  5 demonstrates the autocorrelation and cross-correlation output curves that correspond to different values of ⌬n. When ⌬n ϭ 1 ϫ 10 Ϫ3 , it is difficult to distinguish the autocorrelation and the cross-correlation outputs as shown in Fig. 5(a) . If ⌬n ϭ 3.5 ϫ 10 Ϫ4 , the intensity ratio of Fig. 2 . Reflection spectrum of SCFBG G1. Fig. 3 . Pulse dispersion at the output of G1.
the autocorrelation to the cross correlation becomes 2.4:1, and the autocorrelation output can be clearly recognized as demonstrated in Fig. 5(b) . For ⌬n ϭ 1.5 ϫ 10 Ϫ4 , the intensity ratio reaches 7:1 and the autocorrelation output becomes extremely dominant as shown in Fig. 5(c) .
Another important parameter that determines the correlation output of the system is the reflection spectrum bandwidth. In Eq. (16), the autocorrelation term C kk (t) is similar to C 2k (t) and can be expressed as
The term ͓sin 2 (N⌬ft)͔ / ͓sin 2 (⌬ft)͔ has a comblike structure with period T N ϭ (1/N⌬f ). Only when time delay 4t NϪ1 in approximation (17) is a multiple of T N is there an overlap between one of the peaks in the comblike structure and the peak of sin c͓⌬f (t ϩ 4t NϪ1 )͔. As a result, the maximum autocorrelation peak can be obtained; otherwise the autocorrelation peak could decrease sharply. According to Eq. (1), under the condition that the bandwidth ⌬ in the reflection spectrum of the subgrating is equal to the Bragg wavelength increase/decrease of the adjacent subgratings, i.e., ␦ ϭ B n B nϪ1 , where B n is the Bragg wavelength of the nth subgrating, we have 4t NϪ1 /T N ϭ 2N(N Ϫ 1) and the maximum autocorrelation will appear. While ⌬ϭ0.2 nm and ␦ϭ0.3 nm, the time delay 4t NϪ1 is not a multiple of T N , and thus the correlation property is poor as shown in Fig. 6(a) . In Fig. 6(b) , ⌬ ϭ 0.15 nm, and ␦ is still 0.3 nm, the time delay 4t NϪ1 is a multiple of T N , and the spectral bandwidth of each subgrating is half of that in Figs. 4 and 5. Thus the length of each subgrating and hence the time delay is double that in Figs. 4 and 5, and the peak of the comblike structure at the 4t NϪ1 position decreases sharply. As a result, the correlation property becomes worse than that in Figs. 4 and 5. To obtain a good correlation property, a large code length is required, but a proper selection of other parameters such as ⌬n and the bandwidth is also essential. From Fig. 6 it can be seen that good correlation property can be obtained only when the bandwidth of the reflection spectrum of each subgrating is equal to the difference between Bragg wavelengths of the neighboring subgratings, i.e., ⌬ ϭ ␦.
There are two ways to increase the code length. The first is to increase the number of subgratings without any change of ⌬, which thus increases the total bandwidth. The second is to use a narrow bandwidth ⌬ without any change in total bandwidth. However, the relation ⌬ ϭ ␦ also needs to be satisfied in this case. Figure 7 shows block diagrams of a coherent ultrashort light pulse OCDMA transmitter and receiver. In Fig.  7(a) , the data source is first encoded by an on-off keying (OOK) encoder. The pulses generated are sent to an OCDMA encoder based on SCFBGs, an m-sequence address code is assigned to each data pulse, and the output pulses represent the spectral phase of OCDMA encoded signals. Figure 7 (b) represents a receiver for an ultrashort pulse OCDMA communication system. The kth receiver is assumed to be a correlation receiver matched to the kth transmitter. In our system, the shot noise and the thermal noise of the receiver are neglected because multiple access interference is the main noise factor, and it is assumed that communication between each transmitter and receiver pair is continuous. Pseudonoise bursts generated by spectral phase coding based on SCFBGs are not stationary random processes in a strict sense, hence it is also difficult to calculate the bit error rate (BER) of the system precisely. However, when ⌬n in SCFBGs is small and there are a large number of simultaneous users with long m sequences as the address codes in the decoder, 16 ,17 the unsuccessfully decoded pulse can be assumed to be a Gaussian random process.
PERFORMANCE ANALYSIS
For a single user case the intensity signal I has a chisquare probability density function and can be shown to be
where variance ϭ 1.263ͱT 0 /T , T 0 is the initial pulse width, the root-mean-square width of encoded pulse T Ϸ T 0 N/ͱ2, and N is the code length. Although multiple undesired users interfere with the desired user, the total interference can be taken as the summation of independent multiple random processes whose probability density function is
When the number of undesired users is large, according to the central limit theorem
In the following we denote the photocurrent detected by the photodetector of the kth receiver as the random variable Y k , and I th as the threshold of the decoder. Then the BER of such a system can be expressed as 
where p ϭ (1/2)(T /T b ) and T b is the period of the data source. Figure 8 depicts the BER versus the number of simultaneous users when the code length is 15, 63, and 127, respectively. T 0 ϭ 0.1 ps and T b ϭ 50 ps for all the users. From Fig. 8 it is obvious that the longer the code length, the more simultaneous users the system can support.
FABRICATION OF SPECIALLY DESIGNED STEP CHIRPED FIBER BRAGG GRATINGS
With the development of fabrication technology for fiber gratings, it is possible to fabricate SCFBGs with precise control of the phase shift that needs to be incorporated into the subgrating. The most direct method is to use the phase mask with a specially designed phase shift, but such a method is expensive. Another method is the socalled continuous grating writing technique, 11, 18 which effectively writes gratings on a grating plane and allows for fabrication of gratings with truly complex refractiveindex profiles. This technique uses a simple phase mask with a uniform pitch and relies on precise control of the positioning of the fiber relative to the mask and the exposure of ultraviolet light used to write the grating. A single phase mask can thus be used to write a wide range of complex grating structures.
SUMMARY
We have proposed a new method for realizing spectral phase OCDMA coding based on SCFBGs and presented the corresponding structure of an encoder/decoder. With this method, a mapping code has been introduced and the designed phase shift was inserted into the corresponding subgrating of a SCFBG according to the mapping code. The factors that influence the correlation property of an encoder/decoder include index modulation ⌬n and the bandwidth of the subgrating. The structure of an encoder/decoder is simple and good correlation property can be readily obtained. The system performance analysis shows that, when ⌬n is small and the code length of the m sequence is long enough, the unsuccessfully decoded pulse can be treated as a Gaussian random process.
